INTRODUCTION
Urbanisation is perhaps the most extreme form of widespread anthropogenic habitat modifi cation. Following urbanisation, most environmental variables (e.g., climate, water fl ow, biological diversity) are greatly altered from what previously existed (Smith et al., 2006) . As a result, urbanisation can rapidly transform fundamental ecological processes (Goddard et al., 2010) , which in turn can alter ecological interactions at multiple trophic levels (Kaye et al., 2006; Shochat et al., 2006) . Unsurprisingly, urbanisation is considered a signifi cant driver of species extinctions (McDonald et al., 2008; Goddard et al., 2010) and represents a major proposed cause of insect decline (McKinney, 2008; Fattorini, 2011; Jones & Leather, 2012) .
The magnitude of the effects of urbanisation depends to a marked degree on the composition, amount, and management of green spaces in cities (Marzluff & Ewing, 2001;  higher levels of urbanisation (Bates et al., 2011; Baldock et al., 2015) , but how this is affected by resource availability in urban habitats is not known. Many ladybird species (Coleoptera: Coccinellidae) are important predators of aphids, coccids, mites and a variety of other arthropods, and they are of high interest because of their value as biological control agents (Giorgi et al., 2009; Obrycki et al., 2009; Weber & Lundgren, 2009; Honek et al., 2017) . Studies evaluating the vulnerability of ladybird communities to urbanisation are few. Therefore, investigating ladybird numbers coupled with changes in prey in urban environments is of great importance, since it has been hypothesized that recent decline in coccinelid numbers may be due to phenological mismatches between host plants, insect herbivores and their coccinellid predators (Honek et al., 2017) .
In this work, we ask how local and fi ne-scale environmental factors affect the diversity of aphids and their primary predators in urban gardens. Investigating both trophic groups at the same time (herbivores and their main predators) may provide insights into which group may be more sensitive to urbanisation and its consequences. To address this knowledge gap, we investigate how variation in environmental factors (host plant abundance, garden plant richness, garden size, proportion of impervious surfaces in the surrounding area) are directly and indirectly (prey and predator abundance) associated with the local diversity and abundance of aphids, ladybirds, and hoverfl ies.
MATERIAL AND METHODS

Study sites and sampling
Sixty-seven domestic gardens located in Greater Reading, Berkshire, England (51°27´N, 0°58´W) were selected for this study. Greater Reading is an urban area with a population of 290 000, which covers an area of ca. 72 km 2 (Offi ce for National Statistics, 2013). These gardens were chosen from previously designated areas, which were selected by their relative position and overall representation on an urbanisation gradient that covers highly urbanised areas in the town centre, to suburban and periurban housing areas until reaching areas where the town borders on agricultural areas in the south (Fig. 1) . Each target area was composed of 5-10 houses, and from each area a study garden was obtained either by the distribution of leafl ets or by randomly asking "door-to-door" for volunteers willing to participate in the study. While this process was not entirely random, it was considered effective in capturing local variation in garden structure as the need of gardens of all shapes, sizes and frequency of management/gardening was emphasised in order to avoid a bias towards gardening enthusiasts (Barratt et al., 2015) . Only residential gardens were selected, and their general composition and vegetation structure varied from very low management with presence of many native plants like wild fl owers and herbs, and gardens with high intervention and planting management (performed by the household or professionally by third parties) with the presence of many exotic ornamental plants which tend to change frequently year to year. Each garden was located at least 240 m from the nearest neighbouring study garden.
Sampling occurred from mid-June 2017 until the beginning of August 2017. In each study site, every plant within reach when standing on ground was fully searched for aphids, ladybirds and hoverfl y larvae. These plants comprised mainly ornamental plants, wild plants, potted plants, bushes, shrubs, herbs, aromatic and as a result plant diversity is high (Owen, 1981) . Gardens are therefore thought to be vital for the sustenance of biodiversity in cities, although the diversity patterns of many organisms that inhabit gardens remains little explored (Goddard et al., 2010) . However, ecosystem functioning and ecosystem resilience depends not only on rich communities, but also fully functioning ecological processes (Hennig & Ghazoul, 2012) .
One process of great importance is top-down control with the regulation of herbivore pest population through forces like predation and parasitism, which is essential for food web stability (Faeth et al., 2005; Hironaka & Koike, 2013; Dale & Frank, 2014) . Urban environments often harbour large populations of herbivores that are considered pests, and their success might be a consequence of many factors such as low natural enemy numbers, reduced vegetation complexity, phenological shifts, presence of exotic host plants and urban warming (Kim, 1992; Shrewsbury & Raupp, 2006; Raupp et al., 2010; . Also, management practices might benefi t particular species of herbivores (Frankie & Ehler, 1978; Meineke et al., 2014; Barratt et al., 2015) . Consequently, investigating herbivores and their natural enemies might help us to understand how variance in environmental factors affects trophic dynamics and consequently the function of urban ecosystems . Local and fi ne scale environmental factors are one of the most important determinants of species interactions (Aronson et al., 2016) ; understanding those factors may provide us with insights that may help to develop strategies that promote arthropod conservation and support the provision of ecosystem services (Philpott et al., 2014) .
Aphids are one of the few groups of insects that are more abundant in temperate regions than in the tropics (Brisson & Stern, 2006) . About 250 species feed and reach high population numbers on agricultural crops and cause hundreds of millions of dollars in lost production each year (Oerke et al., 2012) . Among these species, residential gardeners frequently encounter the green rose aphid (Macrosiphum rosae L.) or the black bean aphid (Aphis fabae Scopoli) on common urban garden plants (Brisson & Stern, 2006) . We have almost no information on how aphids respond to characteristics of urbanisation, with regards to species composition, abundance, and natural enemies. Hoverfl y larvae and ladybirds are the most important predators of this group (Rotheray, 1989; Ball et al., 2013) . Given their diversity and ubiquity, together with their range of relationships with host plants and insect predators, aphids and their enemies provide an excellent model system for examining how urbanisation affects insect abundance and diversity (Rocha & Fellowes, 2018) .
Hoverfl ies (Diptera: Syrphidae) provide varied ecosystem services: larvae contribute to pest control feeding on aphids and other insects (insectivore species) and waste decomposition (saprophagous species, eating decaying plant and animal matter), and adults are valuable pollinators (Jauker et al., 2012; Moquet et al., 2018) . Hoverfl ies have previously been shown to be negatively associated with plants, and small trees. Although trees are important host plants for aphids, we limited our sampling to only small individuals that could be fully searched during our experiment for consistency during data collection. All adult ladybirds and aphids were collected by aspiration and placed in Eppendorf tubes fi lled with 70% ethanol. Aphid host plants were identifi ed to genus to facilitate aphid identifi cation (Streeter et al., 2016) . Aphid abundance was estimated on-site using hand counters. Hoverfl y and ladybird larvae were collected with paint brushes and cotton swabs, and kept separately from collected aphids and adult ladybirds in Eppendorf tubes, and stored in a -20°C freezer.
To determine the diversity of hoverfl y adults, standardised point counts, each lasting 5 min and executed by 3 people, were performed in each garden, and individuals were collected for identifi cation with sweep nets (collection of individuals was made outside the standardized point count time). Although not all hoverfl y larvae species feed on aphids (only about 40% of British species are aphid predators, Ball et al., 2013), we decided to consider all hoverfl y species (both as larvae and adults) in our survey, and analysed only aphidophagous and all hoverfl y species separately in order to have a comprehensive picture of the diversity of this group in this study.
Insect samples were returned to the laboratory for identifi cation to species level for hoverfl y and ladybird individuals (keys used: Gilbert, 1986; Majerus & Kearns, 1989; Rotheray, 1989; Ball et al., 2013) , and aphids to morphospecies and species level (keys used: Blackman & Eastop, 1994 , 2008 . Aphid identifi cation to species level was not always possible due to the lack of adults in samples.
Aphid host plants were counted and identifi ed to genus or species level. Only host plant species harbouring aphid colonies were counted and considered in each particular garden, therefore if a plant that had aphid colonies in one garden was also present in another garden but with no aphid colonies the abundance of the same plant species was not included as host plant numbers for that particular garden with no aphid colonies. Plant richness was estimated by visually counting plant morphospecies in each garden. Although this method is not adequate for the taxonomic censusing of plants in a particular area, it has shown to be strongly correlated with species richness and to effectively capture variance between study sites with the advantage of reduced sampling effort (Abadie et al., 2008; Schmiedel et al., 2016) . Each study site was sampled only once.
Habitat variables
The proportion of impervious surfaces surrounding each garden was obtained using geographic information system (GIS) procedures, utilising the topography layer from the Ordnance Survey MasterMap ® , at a scale of 1 : 1250 m. Using QGIS 2.8.1 (QGIS Development Team, 2015) , 100 m radius buffers were delimited from each study site, and a reclassifi cation of vectors was made in order to quantify the proportion of area within those buff- ers made of impervious surfaces (e.g., man-made buildings and structures and roads). In addition, the area (m 2 ) of each garden, comprised of both the back and front gardens when present, was also obtained.
We initially planned to only select gardens that are not sprayed with insecticide for this study. However, we found that most garden owners who volunteered for this study utilised at least one form of insect control that might infl uence colonization and survival of aphids and their associated syrphid and coccinellid predators. Therefore, we created a classifi cation of garden disturbance/management to utilise as an explanatory variable in our models. These categorical variables include, (1) no, or very low intervention: no use of insecticides or use of practices deemed unlikely to have a great effect on insect recruitment (e.g. use of slug pellets, weed killers and other forms of insect control such as handpicking, netting); (2) mild, not recent intervention: no use of insecticides this year, but were used in the past two years; (3) high, or recent intervention: recent use of insecticides (partially, or on the majority of plants in the garden).
Analysis
Statistical analyses were carried out using R 3.1.2 (R Development Core Team, 2014). Aphid species richness (the total number of species found in each study site) was modelled using a generalised linear model (GLM) with a Poisson distribution and a log link function (Zuur et al., 2009) , and aphid abundance was modelled using a GLM with negative binomial distribution and a log link function (Crawley, 2007; Zuur et al., 2009 ) using the MASS package (Ripley, 2015) . As explanatory variables, we used the sum of all predator abundances (abundance of ladybirds and aphidophagous hoverfl ies, larvae and adults), abundance of utilised host plants available in a garden, garden plant richness, garden area, proportion of impervious surfaces within a 100 m radius buffer, and garden disturbance/management classifi cation (as described above).
Species richness of both hoverfl ies and ladybirds were not used as response variables in our models due to the lower numbers of species and low levels of variation amongst gardens. To explore which factors determine the abundance of all hoverfl ies and ladybirds (larvae and adults) in our study sites we performed GLMs, and as these variables were overdispersed, we used a negative binomial distribution and a log link function (Crawley, 2007; Zuur et al., 2009 ) using the MASS package (Ripley, 2015) . As numbers of aphidophagous hoverfl ies were quite low and none were found in many gardens, we modelled their occurrence (presence or absence) as larvae and adults through a GLM with a binomial distribution and logit link function (Crawley, 2007) . As explanatory variables, we used the total abundance of aphids, garden plant richness, garden area, proportion of impervious surfaces, and garden disturbance. In order to deal with extreme values and facilitate model fi tting and convergence in all models, the explanatory variables total aphid abundance, garden area and host plant abundance were log-transformed, and predator abundance were square-root transformed. As each study site was sampled only once and the time period of sampling lasted for about a month, to address a possible effect of time on the variation of aphid and predator populations, all models considered sampling date (Julian day) as an explanatory factor.
Model selection was made using Akaike's Information Criteria (AIC), by fi tting the full model with the set of all explanatory variables and removing the least signifi cant term at each step, then refi tting the model each time until the optimal model (with the lowest AIC) and optimal set of explanatory factors was found (Crawley, 2007; Bolker et al., 2009; Zuur et al., 2009) . We checked for collinearity between explanatory variables in our models through variance infl ation factors (VIF), which are used as an indicator of multicollinearity in multiple regression, with VIF values higher than 3 indicating that covariation between predictors may impose a problem (Zuur et al., 2007) . Our VIF values ranged between 1.03 and 2.40. The response variables and model residuals were checked for spatial autocorrelation through spline correlograms on package ncf (Bjornstad, 2015) , in which we did not fi nd any signifi cant spatial structure.
RESULTS
We observed 45 aphid species (179917 individuals in total), 15 hoverfl y species (494 individuals), and 8 ladybird species (173 individuals) ( Table 1) . About four aphid colonies/species were identifi ed to morphospecies. The ants Myrmica rubra (Linnaeus, 1758) and Lasius niger (Linnaeus, 1758), were found tending aphid colonies on 87% of the study sites that contained aphid colonies (61 gardens in total had aphid colonies present), M. rubra however, was only seen in four sampling sites. The proportion of habitat elements and their maximum and minimum values are shown in Table 2 . 
Direct and indirect environmental factors determining aphid, ladybird and hoverfl y numbers in urban gardens
Aphid species richness: this variable was best explained by the abundance of utilised host plants and plant species richness within each garden (Table 3 , model 1, Fig. 2 ). Garden disturbance/management, proportion of impervious surfaces, Julian day, garden area and predator abundance were removed due to non-signifi cance and low explanatory power during the model selection process in that respective order.
Aphid abundance: the most parsimonious model explaining aphid numbers had only one variable, which was the abundance of host plants (Table 3 , model 2, Fig. 3 ).
Total abundance of hoverfl ies: the best model for explaining the total abundance of hoverfl ies had only one explanatory variable, which was garden plant richness (positively correlated, Table 3 , model 3, Fig. 4 ). Other explanatory variables (garden area, Julian day, aphid abundances, and garden disturbance/management) were removed during the model selection process when related to this variable.
Occurrence of aphidophagous hoverfl ies: the fi nal model that explains occurrence of aphidophagous hoverfl ies (presence or absence) was best explained by two explanatory variables (a) garden plant richness, which was positively and signifi cantly related to aphidophagous hoverfl y presence and (b) garden disturbance/management, with low levels of garden management positively related to the presence of aphidophagous hoverfl ies, however this factor was not statistically signifi cant (Table 3, Ladybird abundance: the best model describing variance in ladybird abundance had three variables: aphid abundance and plant species diversity, which were positively and signifi cantly correlated with ladybird abundance, and the proportion of impervious surfaces in a 100 m radius buffer, which was negatively correlated with the abundance of ladybirds (Table 3 , model 5, Fig. 6 ). Garden area, Julian day and garden management levels were removed during the model simplifi cation process due to low explanatory power when predicting this variable.
DISCUSSION
In this study, we found that aphid species richness and abundance were positively associated with utilised host plant abundance and garden plant species diversity, both traits of gardens largely determined by the homeowner. In particular, garden plant diversity was the main determinant of all groups investigated. Hoverfl y numbers (including all specimens and aphidophagous species alone) increased with garden plant diversity, and for aphidophagous hoverfl ies increased abundance was associated with low insecticide use and low garden disturbance (albeit not statistically signifi cant; Table 3 , model 4). Ladybird abundance was positively correlated with aphid abundance and garden plant species diversity, and negatively associated with the proportion of impervious surfaces. The difference in responses between the two major taxa of aphid predators may refl ect differences in behaviour and natural history. While the larvae of both groups are aphidophagous, as are adult ladybirds, adult hoverfl ies feed upon pollen and nectar, and therefore do not depend on aphid numbers as ladybirds do.
As sessile and specialised phytophagous groups, aphids are undoubtedly intrinsically linked to plant diversity and structure, and are known to be affected by plant diversity manipulation in grasslands (Koricheva et al., 2000) . Many species of aphids exhibit host alternation, where different generations live on two taxonomically unrelated host plants (Rotheray, 1989) . Aphids can therefore be considered "sequential polyphages" (Andow, 1991) and may reach higher densities on areas that contain several plant functional groups because such places are more likely to contain both the primary and the secondary host plants (Koricheva et al., 2000) . Therefore, the positive association of aphid species richness and abundance with garden plant diversity and utilised host plant numbers found in our study was not surprising. Urban gardens are areas of exceptionally high levels of plant diversity. In comparison to other habitats (e.g. car parks, churchyards), residential gardens present higher plant species richness (1056 species in 267 gardens of fi ve UK cities; Gas ton et al., 2007; Goddard , 2010) and may also receive higher inputs of fertiliser affecting plant quality, which could affect aphid numbers (Müller et al., 2005) . In our samples, we found four nonnative species of aphid (Macrosiphum euphorbiae, Aphis gossypii, Myzus varians and Wahlgreniella nervata). How the presence of non-native aphid species may be a consequence of gardening practices is not known. We found no evidence of an association between increased urbanisation (e.g. increased impervious surfaces) and aphid diversity. It is worth noting that parasitoid wasps are important and at times abundant natural enemies of aphids in surrounding farmland (Hazell & Fellowes, 2009) , and appear to be less frequent in local urban areas (Rocha & Fellowes, 2018) , but these were not considered in this study. Parasitoids may provide a part explanation for some of the unexplained variation in aphid abundance, but future investigations of this group in domestic gardens is needed, particularly from the perspective of the ecosystem services they provide. Hoverfl y abundance was positively associated with increased garden plant diversity, which was not surprising given that adults feed on the pollen and nectar of fl owering plants (Haenke et al., 2009; Moquet et al., 2018) . Consequently, it is expected that hoverfl y abundance and diversity will be greater in plant diverse habitats, such as gardens and fl ower-rich fi eld margins (Cowgill et al., 1993; Hickman & Wratten, 1996; Haenke et al., 2009 ). Hoverfl ies were not affected by our measure of urbanisation, which was the amount of impervious surfaces within 100 m radius buffers. Given that hoverfl ies are highly mobile, it appears that in our study area, urbanisation presented few barriers to dispersal (Bernard & Stavenga, 1979; Lunau & Wacht, 1994; Haenke et al., 2009) . Although similar studies have reported that the abundance of hoverfl ies may be correlated with local and fi ne-scale environmental variables (Smith et al., 2006), we did not fi nd evidence of this in our study system.
A characteristic typical of many predatory ladybirds is the aggregation of individuals on plants that contain abundant prey. Consequently, the composition of these communities is determined by prey identity, their numbers, microclimate and plant composition (Ferrer et al., 2016; Honek et al., 2017) . Our results corroborate these characteristics, since ladybird numbers increased with total numbers of aphids and plant diversity in gardens. Ladybird abundance declined as the proportion of impervious surfaces surrounding each garden increased. Urban land cover can increase the likelihood of local extinction and reduce the likelihood of colonisation for ladybird beetles in the UK (Comont et al., 2014) . Therefore, while gardens and parks in urban areas often seem to be favourable for some species of ladybird, our results indicate that overall increases in urban land cover are not favourable for ladybirds as a group, a conclusion also drawn by Comont et al. (2014) , who suggest that urban areas are probably benefi cial for a small subset of habitat generalist species but poor for more specialist species.
Natural enemies are vital for the management and function of green spaces, since they are crucial agents of biological control of damaging pests . Our results suggest fragmentation and reductions in urban green space may represent threats to biodiversity and consequently the ecosystem services they provide. Urban green spaces can help reduce effects of urbanisation by providing suitable resources and habitat among the urban matrix (Smith et al., 2006) . Urban gardens associated with residential areas are an important component of urban green spaces, often providing valuable conservation services and harbouring a great parcel of the biodiversity present in a region (Owen, 1991; Gaston et al., 2005; Loram et al., 2007 ). An often unrecognized aspect of urban gardens is that they enable people to perceive and appreciate nature, which directly benefi ts human mental health (Cannon, 1999; Smith et al., 2006) . Our current understanding of how species respond to urbanisation is limited to a relatively small number of well-studied taxa. We show that for our study system, the planting decisions made by garden owners can have a signifi cant effect on the diversity and abundance of aphids and their natural enemies. We focused on patterns of diversity of important groups of invertebrates found in urban gardens, however there is still much to be learned about the factors determining the diversity of many other taxa, as well as the most appropriate garden management actions that will benefi t biodiversity in such habitats.
